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ABSTRACT 

The fo rma t ion  o f  NO, i n  an advanced g l a s s  m e l t i n g  (AGM) process has 
been stud ied.  
s t o i c h i o m e t r i c  c o n d i t i o n s  r e s u l t i n g  i n  a p o t e n t i a l  f o r  p r o d u c t i o n  o f  a h i g h  
NO, concen t ra t i on  i n  t h e  exhaust. 
a re  en t ra ined  as a h i g h  l o a d i n g  c o n c e n t r a t i o n  o f  f i n e  p a r t i c l e s  i n  t h e  
preheated a i r  supply .  
combustion p roduc ts .  
chosen t o  be comparable t o  o r  l e s s  t h a n  NO, f o r m a t i o n  k i n e t i c  t ime .  
was p r o j e c t e d  t o  p reven t  f o rma t ion  o f  NO, a t  a c o n c e n t r a t i o n  corresponding 
t o  t h e  a d i a b a t i c  gas phase combustion temperature. 
concen t ra t i on  i n  t h e  g lass  m e l t e r  exhaust i s  found t o  be s i g n i f i c a n t l y  below 
a n t i c i p a t e d  NSPS requi rements.  A model i s  proposed f o r  t h e  processes i n  t h e  
AGH based on a k i n e t i c s / t r a n s p o r t  code. 
format ion i s  a t t r i b u t e d  t o  g a s / p a r t i c l e  thermal  quenching e f f e c t s  and, 
p o s s i b l y  heterogeneous c a t a l y t i c  reduc t i on .  

I n  t h i s  system, methane i s  combusted wi th  preheated a i r  a t  near  

The m i n e r a l s  r e q u i r e d  f o r  g lass  syn thes i s  

The thermal  t i m e  s c a l e  f o r  g a s - p a r t i c l e  heat  t r a n s f e r  i s  
The p a r t i c l e s  a re  heated up i n  suspension b y  t h e  

T h i s  

The measured NO, 

The decreased amount o f  NO, 

INTRODUCTION 

The development o f  an advanced g a s - f i r e d  g lass  m e l t i n g  process (AGM) i s  
be ing  i n v e s t i g a t e d  a s  an a l t e r n a t i v e  t o  t h e  conven t iona l  g l a s s  m e l t i n g  fu rnace  
which i s  o f  t h e  open-hearth t ype .  
d e r i v a t i v e  of a s l a g g i n g  coa l  combustor developed f o r  magnetohydrodynamic 
power g e n e r a t i o n  a p p l i c a t i o n s  [ l -31.  A p r imary  goa l  i s  t o  t r a n s f e r  heat  v e r y  
e f f i c i e n t l y  a t  h i g h  temperatures t o  e n t r a i n e d  g lass  batch p a r t i c l e s .  
p a r t i c u l a t e  l o a d i n g  r e q u i r e d  f o r  t h i s  a p p l i c a t i o n  presents  a un ique mechanism 
f o r  l i m i t i n g  t h e  fo rma t ion  o f  NO,. 

The advanced g l a s s  m e l t e r  i s  a t e c h n i c a l  

The h i g h  
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High temperature r e a c t i o n  o f  a i r  f eed  n i t r o g e n  and oxygen t o  p r i m a r i l y  
form n i t r i c  ox ide,  NO, i s  a source o f  p o t e n t i a l l y  h i g h  NOx c o n c e n t r a t i o n s  i n  
t h e  m e l t  furnace exhaust. 
en t ra ined  p a r t i c u l a t e  m a t e r i a l  as a d i spe rsed  hea t  s i n k  w i t h  a v e r y  s h o r t  
thermal  t r a n s i e n t  t ime.  Thus, t h e  combustion products  a r e  r a p i d l y  quenched 
f rom t h e  a d i a b a t i c  temperature a t  which h i g h  NO, concen t ra t i ons  would 
no rma l l y  r e s u l t  t o  a much lower  temperature.  
considered, t h e  thermal  quenching i s  accomplished on a t ime  s c a l e  much s h o r t e r  
t han  t h e  NOx chemical k i n e t i c  f o r m a t i o n  t ime .  

NOx c o n t r o l  i s  achieved i n  t h e  AGM by u s i n g  t h e  

Fo r  t h e  s i z e  p a r t i c l e s  

AGM CONCEPT AND EXPERIMENTAL SYSTEM 

I n  t h e  g lass  m e l t e r  des ign concept, premixed batch m a t e r i a l s  a r e  
i n j e c t e d  as f i n e  p a r t i c l e s  i n t o  a h i g h  temperature combustion a i r  l i n e  and 
t ranspor ted  i n  suspension t o  a h i g h  i n t e n s i t y  gas burner .  The m a t e r i a l s  a r e  
heated ve ry  r a p i d l y  i n  suspension i n  t h e  t u r b u l e n t  f l o w  f i e l d  i n  t h e  bu rne r .  
A converg ing nozz le  a t  t h e  e x i t  o f  t h e  bu rne r  acce le ra tes  t h e  f l o w  and d i r e c t s  
it i n t o  a m e l t  separa t i on  and homogenizing chamber. The h o t  m a t e r i a l s  a r e  
separated i n e r t i a l l y  f rom t h e  combustion gas and depos i ted  on a c o l l e c t i n g  
su r face  where i n i t i a l  homogenization occurs.  The t h i n  l i q u i d  l a y e r  f l o w s  f r o m  
t h e  c o l l e c t i n g  su r face  t o  a m e l t  r e s e r v o i r  a t  t h e  bot tom o f  t h e  chamber where 
a d d i t i o n a l  homogenization can occur .  The combustion p roduc ts  e x i t  t h e  m e l t  
separa t i on  chamber and a r e  ducted t o  downstream heat  recove ry  equipment f o r  
hea t ing  t h e  incoming combustion a i r .  

c o n f i g u r a t i o n  and t h e  separa t i on  centerbody i s  schemat i ca l l y  shown i n  F i g u r e  1 
The u n i t  c o n s i s t s  o f  a pre-burner. a main combustor, and a g lass  r e c e i v e r .  
The purpose o f  t h e  g a s - f i r e d  pre-burner  i s  t o  s imu la te  t h e  h i g h  temperature 
preheat  s ince  t h e r e  was no source o f  h i g h  temperature preheated a i r  w i t h  which 
t h e  system would no rma l l y  operate.  
i n t roduced  downstream o f  t h e  pre-burner  through t h r e e  i n j e c t o r s  t o  promote 
thorough m ix ing  w i t h  t h e  gas. I n i t i a l  t e s t s  used c u l l e t  as t h e  feed m a t e r i a l .  

Gaseous oxygen i s  added t o  t h e  combustion p roduc ts  o f  t h e  pre-burner  f o r  
combustion o f  t h e  f u e l  added i n  t h e  main o r  g lass  m e l t i n g  bu rne r .  N a t u r a l  gas 
i s  i n t roduced  through e i g h t  r a d i a l  i n j e c t o r s  j u s t  upstream o f  t h e  main 
burner .  A sudden enlargement a t  t h e  bu rne r  ent rance c rea tes  a s t r o n g  v o r t e x  
f l o w  reg ion  t o  promote m i x i n g  o f  t h e  f u e l  and o x i d i z e r .  Combustion takes 
p l a c e  w i t h  t h e  p a r t i c l e s  s t i l l  e n t r a i n e d  i n  t h e  gas. Rapid quenching of t h e  
combusted gas by these p a r t i c l e s  a c t s  t o  keep t h e  peak temperature down, t h u s  
reducing t h e  NOx f o rma t ion .  A convergent nozz le  a t  t h e  e x i t  o f  t h e  bu rne r  
acce le ra tes  t h e  f l o w  t o  t h e  v e l o c i t y  r e q u i r e d  t o  accomplish t h e  i n e r t i a l  
separa t i on  o f  t h e  p a r t i c u l a t e  m a t e r i a l  f rom t h e  combustion products ,  l e a d i n g  
t o  homogenization and g l a s s  format ion.  

The exper imenta l  system used f o r  development t e s t i n g  o f  t h e  b u r n e r  

The f i n e  g lass  feed p a r t i c l e s  a r e  
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NOX TEST RESULTS 

The NO, c o n c e n t r a t i o n  i n  t h e  bu rne r  exhaust gas i s  s t r o n g l y  i n f l uenced  
b y  the  temperature- t ime h i s t o r y  and t h e  oxygen c o n c e n t r a t i o n  o f  t h e  gas. 
l a t t e r  i s  determined by t h e  gas s t o i c h i o m e t r y  o r  t h e  a i r - f u e l  equiva lence 
r a t i o  used. 
as we l l  as a min imal  res idence t i m e  a t  t h e  peak temperature, y e t  p rov ide  f o r  
r a p i d  h e a t  t r a n s f e r  t o  t h e  e n t r a i n e d  ba tch  m a t e r i a l .  
NOx concen t ra t i ons  s i g n i f i c a n t l y  below t h e  e q u i l i b r i u m  f lame a d i a b a t i c  
s t o i c h i o m e t r i c  l e v e l  a r e  p red ic ted .  

The 

The process c o n s t r a i n t  is t o  m a i n t a i n  a l o w  oxygen concen t ra t i on  

For these cond i t i ons ,  

F i g u r e  2 shows t h e  e q u i l i b r i u m  concen t ra t i ons  o f  NO which would be 
expected i n  t h e  absence o f  p a r t i c l e  quenching e f f e c t s .  
f u e l  r i c h  combustion. t h e  NO e q u i l i b r i u m  concen t ra t i on  f o r  va r ious  c a l c u l a t e d  
a d i a b a t i c  f lame temperatures reached by combustion w i t h  preheated a i r  a r e  
i n d i c a t e d .  I f  an emiss ion l i m i t  of 4 l b s  NOx/ton g l a s s  produced i s  assumed, 
t h e n  the  maximum a l l owed  NO concen t ra t i on  i n  t h e  exhaust  gas i s  970 ppm f o r  
s t o i c h i o m e t r i c  c o n d i t i o n s .  

Fo r  s t o i c h i o m e t r i c  and 

Tests  were conducted over  a wide range o f  gas mass f l ows  and feed 
loadings t o  de te rm ine  system performance. Whi le  t e s t s  w i t h o u t  batch m a t e r i a l  
demonstrated t h a t  f u e l - r i c h  combustion o f f e r s  the lowes t  NO, emiss ion due t o  
l ower  peak f lame temperatures,  i t  leads t o  a l ower  thermal  e f f i c i e n c y  because 
a p o r t i o n  o f  t h e  combustion energy o f  t h e  f u e l  i s  n o t  re leased  and made 
a v a i l a b l e  f o r  m e l t i n g  o f  t h e  g lass  i n  t h e  furnace.  
furnace i s  t y p i c a l l y  operated w i t h  excess oxygen, 0 - 1.4. 
the m e l t  chamber i s  app rox ima te l y  25OOF. Fo r  these  c o n d i t i o n s ,  NO, 
format ion i s  app rox ima te l y  1200 ppm p r i o r  t o  p a r t i c l e  i n j e c t i o n .  
res idence t i m e  a t  peak temperature i s  sho r t ,  seve ra l  m i l l i s e c o n d s ,  t h e  NO, 
c o n c e n t r a t i o n  i s  l e s s  than  t h e  e q u i l i b r i u m  l e v e l  shown i n  F i g u r e  2. 

ash. 13% ca lc ium carbonate.  and 15% c u l l e t  demonstrated t h e  AGM's a b i l i t y  
t o  capture,  homogenize and f i n e  t h e  mol ten ba tch  m a t e r i a l  on t h e  centerbody, 
producing a f u l l y  reac ted  g lass  product .  As pred ic ted .  t h e  NO, p roduc t i on  
of  t h e  m e l t e r  i s  c o n s i d e r a b l y  reduced by t h e  quenching o f  t h e  combustion gas 
b y  the  ba tch  p a r t i c l e s .  
NO, l e v e l  t o  app rox ima te l y  250 ppm, corresponding t o  an  NO, l o a d i n g  o f  
1 l b / t o n  g lass  w i t h o u t  f l u e  gas t reatment .  

As a r e s u l t ,  t h e  main 
The temperature of 

S ince t h e  

Tes ts  w i t h  a f o u r  component batch compr i s ing  52% s i l i c a .  20% soda 

Batch i n j e c t i o n  i s  found t o  reduce t h e  exhaust gas 
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KINETICS/TRANSPORT MODEL 

The chemical k i n e t i c  r e a c t i o n  mechanism used t o  model AGM combustion 
c o n s i s t s  o f  31 chemical spec ies and 146 e lementary chemical r e a c t i o n s .  The 
p r i n c i p a l  reac t i ons  f o r  f o rma t ion  and decomposi t ion o f  thermal  NO a re :  

02 + M + O + O + M  

N2 + 0 + N O +  N 

N + 02 + N O +  0 

N + OH + N O +  H 

The f i r s t  t h r e e  reac t i ons ,  where M i s  a t h i r d  body ( u s u a l l y  N2). rep resen t  
t h e  impor tant  and w e l l  known Ze ldov i ch  mechanism o f  a tomic exchange 
reac t i ons .  
o r  t h e  r e s u l t s  o f  thermodynamic c a l c u l a t i o n s  i f  exper imenta l  da ta  a r e  n o t  
a v a i l a b l e .  
Reference 4. 

The code u t i l i z e s  e x p e r i m e n t a l l y  measured r e a c t i o n  r a t e  parameters 

The numer ica l  t echn ique  used i n  these  c a l c u l a t i o n s  i s  desc r ibed  by 

A thermodynamic e q u i l i b r i u m  code i s  i n i t i a l l y  used t o  determine t h e  
composi t ion o f  v i t i a t e d  a i r  f rom t h e  combustion o f  air/CHq a t  T - 2500K i n  
t h e  pre-burner. 
concen t ra t l on  o f  i n i t i a l  mo lecu la r  c o n s t i t u e n t s  i n  t h e  main combustor. G iven  
these values and t h e  c o n c e n t r a t i o n  o f  added 02 and CH4 necessary t o  o b t a i n  
t h e  des i red  a i r / f u e l  r a t i o ,  t h e  k i n e t i c  model i s  used t o  o b t a i n  t h e  tempora l  
dependence of key r e a c t i o n  species as a f u n c t i o n  o f  i n i t i a l  temperature.  
F igu re  3 shows c a l c u l a t e d  tempora l  p r o f i l e s  f o r  T = 1500K and a s t o i c h i o m e t r i c  
a i r / f u e l  r a t i o .  Fo l l ow ing  an i g n i t i o n  de lay  o f  about  1.6 ms, a peak f l ame 
temperature o f  app rox ima te l y  2350K i s  a t t a i n e d .  The e - fo ld  NO f o r m a t i o n  t i m e  

- i s  - 3.0 ms. The corresponding NO mass f r a c t i o n ,  0.003, i s  i n  good agreement 
w i t h  thermodynamic e q u i l i b r i u m  c a l c u l a t i o n s  shown i n  F igu re  4. Th is  va lue  i s  
somewhat h i g h e r  than  t h e  AGM t e s t  r e s u l t s .  b u t  t h i s  i s  a t t r i b u t e d  t o  a l ower  
gas temperature i n  t h e  g lass  m e l t e r .  

and t h e  c a l c u l a t i o n s  a r e  repeated. 
s o l i d  p a r t i c l e s  reduces t h e  NOx c o n c e n t r a t i o n  f rom approx imate ly  2000 ppm t o  
750 ppm, a f a c t o r  o f  -2.5. 
concen t ra t i ons  i n  t h e  furnace exhaust, b u t  t h e  genera l  conc lus ion  remains t h a t  
NOx c o n t r o l  i s  achieved by u s i n g  e n t r a i n e d  p a r t i c u l a t e s  as a d i spe rsed  heat  
s i n k  w i t h  a s h o r t  thermal  t r a n s i e n t  t ime.  Some e r r o r s  a r e  i n t roduced  i n  t h e  
k i n e t i c  c a l c u l a t i o n s  due t o  t h e  d i f f i c u l t y  o f  s i m u l a t i n g  t h e  process which 
causes i g n i t i o n ,  namely, t h e  expansion o f  gases i n t o  a dump combustor, as w e l l  
as t h e  use o f  a f lameholder ,  c r e a t i n g  r e c i r c u l a t i o n  zones which r e s u l t  i n  b u l k  
f l o w  and m ix ing  o f  combusted and uncombusted gases. 
exper imenta l  s i t u a t i o n  where i g n i t i o n  would a l s o  n o t  t ake  p lace  i f  methane was 
t o  be i n j e c t e d  i n t o  t h e  gas stream w i t h o u t  p r o v i s i o n s  f o r  f lamehold ing.  

These species account f o r  app rox ima te l y  40% o f  t h e  t o t a l  

The k i n e t i c  code i s  m o d i f i e d  t o  i n c l u d e  t h e  e f f e c t s  o f  s o l i d  p a r t i c l e s  
As  F igu re  3 i n d i c a t e s ,  t h e  a d d i t i o n  o f  

The AGM t e s t  r e s u l t s  show s t i l l  lower  NOx 

Th is  i s  analogous t o  t h e  
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A numer ica l  s i m u l a t i o n  model t r e a t i n g  t r a n s p o r t  processes i n  t h e  AGM i s  
used t o  desc r ibe  NOx fo rma t ion  and decomposi t ion d u r i n g  r a p i d  gas coo l  down 
by suspended batch m a t e r i a l .  The code is 1-0 and c a l c u l a t e s  t h e  temperatures 
and v e l o c i t i e s  o f  gas and p a r t i c l e s  a long  t h e  l e n g t h  o f  the combustor. 
assumes t h a t  a l l  t h e  p a r t l c l e s  a r e  e n t r a i n e d  i n  t h e  gas and do n o t  come i n t o  
c o n t a c t  w i t h  each o t h e r  i n  t h e  combustor. Gas p r o p e r t i e s  a r e  c a l c u l a t e d  based 
on i t s  chemical composi t ion.  The ba tch  compos i t i on  and t h e  gas f l o w  r a t e s  
were s e l e c t e d  t o  s i m u l a t e  t h e  performance o f  t h e  AGM. 
c a l c u l a t i o n s  a t  t h e  l o c a t i o n  where p a r t i c l e s  a r e  i n j e c t e d  i n t o  t h e  gas and it 
f o l l o w s  t h e  temperature and v e l o c i t y  o f  gas and p a r t i c l e s  as t h e y  move a long  
t h e  combustor till t h e  p a r t i c l e s  separate on t h e  t a r g e t .  

F i g u r e  5 shows t h e  temperature p r o f i l e s  i n  t h e  combustor s e c t i o n .  Cold 
ba tch  p a r t i c l e s  (sand, c u l l e t ,  soda, and l ime ;  ba tch  f l o w  rate=0.12 kg/s) were 
i n j e c t e d  i n t o  h o t  gas coming f rom t h e  v i t i a t i o n  b u r n e r  (0.11 kg/s). The 
p a r t i c l e  temperature r i s e s  a t  a r a t e  dependent on t h e  p a r t i c l e  s i z e .  The f l o w  
r a t e s  o f  oxygen and n a t u r a l  gas were 0.037 and 0.0083 kg/s, r e s p e c t i v e l y .  The 
h o t  combustion gas i s  i n i t i a l l y  quenched v e r y  r a p i d l y  due t o  t h e  h i g h  heat  
t r a n s f e r  r a t e  f rom t h e  gas t o  smal l  p a r t i c l e s .  
two subsequent sharp drops when oxygen and secondary methane a r e  added t o  t h e  
gas stream. The c a l c u l a t i o n  i n d i c a t e s  t h a t  t h e  gas coo ls  f rom i t s  peak 
temperature t o  800-900K i n  about  12 ms. 

It 

The program s t a r t s  

The gas temperature e x h i b i t s  

A t  a d i s t a n c e  o f  1.2 meters f r o m  t h e  p a r t i c l e  i n j e c t i o n  l o c a t i o n  
combustion takes  p l a c e  and t h e  gas temperature s h a r p l y  increases.  The 
p a r t i c l e  temperature a l s o  r i s e s ,  b u t  t h e  r a t e  i s  s lower  due t o  p a r t i c l e  
i n e r t i a .  By t h e  t i m e  t h e  gas e x i t s  t h e  combustor, 40 ms a f t e r  p a r t i c l e  
i n j e c t i o n ,  t h e  temperature o f  t h e  gas and t h e  m a j o r i t y  o f  t h e  p a r t i c l e s  i s  
a lmost  equal, about  1800K. 
due t o  t h e i r  l a r g e  s i z e  (150 micron d iameter)  and, t hus ,  t h e i r  l a r g e  thermal  
i n e r t i a ,  a r e  unable t o  f o l l o w  t h e  gas temperature as c l o s e l y .  

A ques t i on  n o t  p r e s e n t l y  addressed by t h e  model i s  t h e  suggest ion o f  

The o n l y  excep t ion  a r e  t h e  soda p a r t i c l e s  which 

NO, c o n t r o l  by heterogeneous c a t a l y t i c  reduc t i on .  Evidence f o r  such 
processes i s  p r o v i d e d  by s t u d i e s  o f  t h e  r e d u c t i o n  o f  NO b y  H2 ove r  a 
Rh/SiO2 c a t a l y s t  [ 5 ]  and o f  t h e  decomposi t ion o f  n i t r o u s  o x i d e  on magnesium 
ox ide  and c u p r i c  o x i d e  [6 ] .  I n  a d d i t i o n ,  s p e c i f i c  gas-surface i n t e r a c t i o n s  
have been r e p o r t e d  f o r  NO and SO2 w i t h  c o n s t i t u e n t s  t y p i c a l l y  found i n  
e n t r a i n e d  f l y  ash f r o m  coa l  combustion [7].  The e f f e c t  o f  ba tch  p a r t i c l e  
sur face abso rp t i on  s i t e s  f o r  c a t a l y t i c  r e d u c t i o n  and enhanced NO, c o n t r o l  i n  
t h e  AGM process r e q u i r e s  a d d i t i o n a l  a n a l y s i s .  

SUMMARY 

The measured NO, c o n c e n t r a t i o n  i n  t h e  advanced g lass  m e l t e r  exhaust 
gas i s  s i g n i f i c a n t l y  below a n t i c i p a t e d  NSPS requi rements.  Th is  i s  a t t r i b u t e d  
t o  g a s l p a r t i c l e  the rma l  quenching e f f e c t s .  
temperature post - f lame gases i s  chosen t o  occu r  o v e r  a t ime  s c a l e  o f  seve ra l  
m i l l i s e c o n d s .  whereas heat  t r a n s f e r  takes p l a c e  on a s h o r t e r  t ime  sca le  
r e s u l t i n g  i n  s i g n i f i c a n t l y  l ower  NOx emissions t h a n  t h e  e q u i l i b r i u m  l e v e l  
f o r  a d i a b a t i c  gas combustion. 

NOx f o rma t ion  i n  t h e  h i g h  
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Figure 3 Combustion Species Temporal Prof i l e s  
(Dashed Line Shows Temperature Prof i le )  
(a) Without Sol id  Part ic les  
(b) With Solid Par t i c l e s  
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